Atoms, bonding and molecules are the central concepts of chemistry. In recent decades, quantum chemistry topology (QCT) [1, 2] has become an emergent branch of theoretical chemistry that, along with molecular orbital (MO) [3] and valence bond (VB) [4] theories, plays an important role in describing the atoms in molecules, bonding and molecular structure. QCT uses the mathematical method of the dynamical systems theory to partition the real molecular space into atomic subspaces via analysis of the gradient, Laplacian, critical point, attractor, bond path, etc of a scalar function of a system (e.g. the electron density) [5] . Pioneering work has been done by Bader et al in the quantum theory of atoms in molecules (QTAIM) [6, 7] that convincingly formulates the basic chemical concepts in a topological manner.
overlap population into corresponding atoms in a 50-50 manner. Subsequently, there were a tremendous number of atomic charge models generated, including the following: the population analysis, e.g. Löwdin analysis [28, 29] , and the natural population analysis (NPA) of charge [30] [31] [32] ; the atomic polar tensor-based (APT) population analysis [33] ; methods in which atomic charges are fitted to the electrostatic potential, e.g. CHELPG [34] , Merz-Singh-Kollman (MSK) analysis [35] and restrained ESP (RESP) [36] ; discrete partition, e.g. QTAIM charge analysis [6, 37] ; population analysis in light of 'fuzzy' atoms, e.g. the Hirshfeld charge analysis [10] ; and atomic charge defined through experimental results or from high-level quantum mechanics calculations, e.g. the CM 1-5 charge analysis [19, [38] [39] [40] [41] .
Recently, we have proposed a model, which is a real space scalar function, potential acting on one electron in a molecule (PAEM) [43] . Bartashevich and Tsirelson [42] have investigated the halogen bond complexes by using PAEM and molecular electronstatic potential. Here, PAEM is used as a new atoms-in-molecules partition method that reveals a snapshot of the realms of atoms in molecules and provides the PAEMQCT atomic charges. The PAEMQCT charge has the advantages of less dependence on basis sets and moderate values of the atomic charge compared with those obtained from the QTAIM and Hirshfeld population methods, which are usually usually too large [44, 45] and small [46, 47] in magnitude for their application. Moreover, the value of the charge transfer is 0.025e between the H 2 O dimers, which is close to the commonly reported result of 0.020e [48] . In addition, within the framework of PAEM, we further developed the absolute value of the PAEM at the critical point (D pb ), which describes the strength of the interaction between the two atoms [49, 50] . We also represented the linear correlation of the D pb at the bond critical point (bcp) in the PAEMQCT and the electron density at the bcp in the QTAIM to show the behaviour of the two quantities.
Here, we provide the investigation results of PAEMQCT method for polyatomic molecules containing first and second period elements. In this paper, section 2 formulates the framework of the QCT based on the PAEM. Then, section 3 presents the results of the molecules containing the first and second period the elements using the PAEMQCT, and the last section gives a brief summary.
Framework of QCT based on the PAEM
Here, we briefly introduce the potential acting on one electron in a molecule (PAEM) [49, [51] [52] [53] . The PAEM has been expressed by the HF and CISD methods, and it is defined as the interaction energy of one electron at position r with the remaining electrons and all the nuclei in a molecule:
where the contributions are divided into two parts, namely, the attractive potential V ne ( r) from all the nuclei in the first term and the interaction potential V ee ( r ) for the second term, which includes both the Coulomb and exchange interactions. Z A , R A , ρ( r) and ρ 2 ( r, r ) represent the nuclear charge and the position of nucleus A, the one-electron density at r , and the two-electron density from one electron at r and another electron at r . We provide more detailed information about the PAEM formula in the supplementary information (SI) (stacks.iop. org/EST/1/044004/mmedia). Notably, our PAEM potential is different from the Hartree-Fock (HF) potential. For ease of explanation, the closed-shell situation is taken as an example. The canonical molecular orbital (CMO) in the HF self-consistent field molecular orbital (HFSCF-MO) theory [54] satisfies the HF equation; thus, one electron potential for HF is the interaction energy, where the electron originates from a given CMO. The PAEM specifies an arbitrary electron rather than the concrete electron in the CMO. Although they have different forms, both the PAEM and HF potential encompass the exchange quantum effect. The method of partition for the molecules is based on the electron density in the QTAIM, whereas our method is on account of PAEM potential in the PAEMQCT. The one-electron potential PAEM V( r) is a scalar function; therefore, the force acting on one electron within a molecule (FAEM) can be defined as the negative of the gradient of the PAEM with respect to the electronic coordinate r and is generated by the remaining electrons and all the nuclei,
The force, Ehrenfest force [49] [50] [51] [52] , can also be expressed as a force density via its expectation value, for example − →
one molecule into several non-overlapping and non-fuzzy subspaces that are considered the atomic space in one molecule. To describe the PAEM, FAEM and their associated quantities, figure 1 presents the partition graphs of the HOF molecule on the molecular plane for the PAEMQCT as well as for the QTAIM as a comparison.
To show the quantities, only the image on the molecular plane is represented, but it is actually in 3 dimension. The three nuclei, H, O and F, are denoted by three small circles in grey, red and cyan. Near a nucleus, the iso-PAEM curves appear almost round. As the iso-PAEM curves gradually become larger and more deformed, they envelope additional nuclei as they move away from the original nuclei. The FAEM F( r) is a vector with a length and a direction. FAEMs are normal to the iso-value PAEM curves. It is easy to infer that the force F( r) at position r is a unique quantity having a certain value and direction except at some specific points, that is, the nuclear positions and certain critical points where FAEM equals to zero, i.e.
As shown in figure 1(a), the red star points are the bcp, and the green lines are the electronic force lines, the gradient paths through the bcp. A bcp is a 2D attractor of the electronic force lines, while a nucleus is a 3D attractor. All the electronic force lines that point to and pass through a bcp form a 2D surface S CP , which is a boundary surface between atoms. All the boundary surfaces partition a molecule into individual atomic realms, each of which is governed by a nucleus as the attractor of the electronic force lines. Thus, the realms of the atoms in the molecules are clearly displayed. Next, we can integrate the ρ( r) over the atomic space Ω A , giving the electron numbers belonging to the atomic realms. With the nuclear charge of A, the PAEM atomic charge of A can be explicitly expressed as 
Computational details
All the geometries were fully optimized at the MP2/6-311++G(3df,3pd) level of theory with the Gaussian 09 [55] . The frequency analysis was performed at the same level of the theory to guarantee no imaginary frequencies. Next, the CISD/6-311++G(d,p) level of theory in the MELD package [56] and our in-house programs were utilized to calculate the PAEM. The S CP boundary surface was obtained through the partition with the grid method by Multiwfn 3.6 [57] . The PAEM partition graph was depicted by MATLAB 8.0 software [58] . The Hirshfeld, Mulliken, NPA [59] , APT, CHELPG and MK charges were calculated using Gaussian 09 at the CISD/6-311++G(d,p) level of theory, and the QTAIM atomic charges and partition graph were obtained by using AIMALL [60] .
Results and discussion
Based on the PAEMQCT method, we carried out several calculations to obtain the molecular structures, the partition graphs, critical points, boundary surfaces S CP , atomic charges for five series of polyatomic molecules and D pb , which were used to study and analyse the topological characteristics and the strength of the covalent bond as well as to verify the effectiveness and robustness of the PAEM.
BH 2 -X type series molecules
The simplest molecule of this series is BH 3 in the series of BH 2 -X, whose molecular graph from the PAEMQCT is shown in figure 2 . Notably, figure 2 (a) is a section on the BH 3 molecular plane, on which some of the iso-PAEM curves are given; the red stars are the bcp, and the green curves are the boundary curves between the atomic realms. Figure 2 (b) is a 3D graph that shows only one 3D boundary surface, which looks similar to a green umbrella; the other two are omitted for clarity. For a comparison with the QTAIM theory, figure 3 shows the partition from the electron density analysis, where the symbols are similar to those used in figure 2 but with distinct differences. For example, the critical points are closer to the B nucleus in the QTAIM than that in the PAEMQCT. Thus, the values of atomic charges of the QTAIM are much larger than those of the PAEMQCT because the volume of the realm for B atom is small, and the electron number after integrating the ρ( r) over the electronic coordinates is small; thus, the charge is large according to equation (5) . For example, the distances between the bcp and the B nucleus for the BH 3 are 1.4044 a.u. and 0.9748 a.u. in the PAEMQCT and QTAIM, as presented in table 1. Therefore, their atomic charges are 0.333e and 1.976e in the PAEMQCT and QTAIM, with the latter being approximately several times the former, as presented in table 2. Moreover, the distances between the B nucleus and the bcp in the PAEMQCT are larger than those in the QTAIM in the BH 2 X, except for the BH 2 Li, which may be a result of the type of chemical bond, as the B-Li bond is ionic for the BH 2 Li but covalent for the others.
The atomic charges in the molecules of the BH 2 X type are listed in table 2, including the QTAIM, Hirshfeld, Mulliken, NPA, APT, CHELPG and MK charges. The values of the PAEMQCT charges are moderate compared with the QTAIM and Hirshfeld charges, which is smaller than the former but larger than the latter. Moreover, the decreasing order of the atomic charges for B atom in BH 2 X are BH 2 F > BH 2 OH > BH 2 Li > BH 2 NH 2 > BH 2 C H 3 > BH 3 . In general, the tendency is identical to the chemical convention; e.g. the F atom possesses the largest electronegativity and has the strongest ability to attract electrons, which leads to the largest value of the atomic charge of B in BH 2 F. However, the X for donating electron ranks ahead of BH 3 , which may be a result of the electron interflowing less from X to the B atom. Figure 3 shows the linear correlation of the D pb at the bcp for the PAEMQCT and the electron density at the bcp for the QTAIM. There is a good linear correlation between the two physical quantities for B-H and B-X in the BH 2 X molecules, with correlation coefficients of 0.9308 and 0.8881, respectively, as shown in figure 4 . The covalent bond is formed by the shared electron pair; thus, the electron density at the bcp can be used to predict the strength of the bond. Therefore, the D pb could shed light on the strength of the chemical bond due to the good linear correlation to the electron density at the bcp.
CH 3 -X type series molecules
In figure 5 we have drawn the molecular graph by PAEMQCT and QTAIM for CH 4 molecule that looks like very similar, but there are some distinct differences. For instance, the distance between C atom and the bcp in the PAEMQCT is larger than that of QTAIM, seen from table 3, indicated that the values of atomic charges in PAEMQCT are smaller than those of the QTAIM as listed in table 4. Compared with the BH 2 X molecules, we found that all the distances between the C and the bcp for PAEMQCT are larger than QTAIM, except the group containing the Li and BH 2 . It may be the same reason as the BH 2 X for the former, but the latter, which could be caused by the poor electrons for B possessing the ability of attracting more electrons. For the atomic charges, it is just as expected that the PAEMQCT charges are smaller than those of QTAIM and larger than those of the Hirshfeld, e.g. CH 3 OH, the order of the C atomic charges are QTAIM > PAEMQCT > Hirshfeld, whose values are 0.577e, 0.226e and −0.002e, respectively. And the C atomic charges are not identical to the tendency for CH 3 Li and CH 3 BH 2 as excepted. Thus, the topological features can directly affect the atomic space, then the atomic charges.
In table 3, we list some important quantities related to the C-X bond in the CH 3 -X series molecules. They are the bond length (BL), the distance D(C-bcp) between the C nucleus and the PAEM bcp on the C-X bonds, namely, the negative PAEM value, D pb , at the bcp. For a comparison, some quantities from QTAIM calculation are also listed, the distance between the C nucleus and the bcp, and the electron density at the critical point ED(r cp ). Also, there is a good linear correlation between D pb at the bcp for PAEMQCT and electron density at the bcp for QTAIM, whose correlation coefficient R is 0.9244 as shown in the figure S2 in the SI. 
NH 2 -X type series molecules
Let us consider the series of NH 2 X molecules, as a similar way discussed above, we plot the snapshots of molecular graphs for NH 2 F on the plane of HNF. Also, the shape of partition is similar for both PAEMQCT and QTAIM, however, the discrepancy still can be viewed, namely the position of the bcp and the following volume of atomic Table 3 . Some quantities related to the C-X bond in the CH 3 X series molecules: the bond length (BL), the distance D(B-bcp) between the B nucleus and bcp for PAEM or QTAIM, the D pb , and ED(r cp ) at the bcp from the QTAIM (all in atomic units, a.u. realms in molecule. The distance between the N and the bcp for the N-H bond in the PAEMQCT is smaller than those of the QTAIM, while larger for the N-F bond, e.g. the distance of the former is 1.3401 a.u., while 1.1770 a.u. for the latter, as listed in table 5. In general, the distances between the N and the bcp of the N-X bonds for PAEMQCT are larger than those of the QTAIM if the electronegativities of atoms X are larger than that of N atom, otherwise the converse order, showcasing the ability of donating or accepting electrons. The special molecule of this series is NH 2 F and its molecular graph from PAEMQCT is shown in figure 6(a) , while the QTAIM one is shown in figure 6(b) . Still, the two snapshots of the PAEMQCT and QTAIM look similar mutually. As shown in table 5, it is found that the distance between the N atom and the bcp for PAEMQCT is larger than that of the QTAIM when the atoms X in electronegativity are less than the N atom, while converse order larger than the N.
The values of PAEMQCT atomic charges are in the range of the QTAIM and the Hirshfeld, e.g. 0.355e, 2.078e, 0.166e for the PAEMQCT, QTAIM and Hirshfeld charges, respectively, for the N in the BH 2 NH 2 , as shown in table 6. However, the situation could change if some atoms in electronegativity are larger than N atom, which maybe the reason that the partition of atomic realms is too large in magnitude. Still, there is a good linear correlation of D pb and the electron density at the bcp for both of the PAEMQCT and QTAIM, as shown in figure S3 in SI, where the linear equation is y = 0.2224x − 0.1572, and the correlation coefficient R is 0.9208, indicated that the D pb also can be used to measure the strength of chemical bond as the electron density at the bcp in the QTAIM.
HO-X type series molecules
We consider the HO-X type molecules and analyse their molecular graphs, atomic charges, distances between the O atom and the bcp, the relation of D pb in PAEMQCT and electron at the bcp in the QTAIM. As shown in figure 1 , the molecular graph between the PAEMQCT and QTAIM looks similar, however, it does exist a little difference of the distance between the O and the bcp, where distance in the PAEMQCT is shorter than the QTAIM on the O-H bond, while reverse of the order in O-F bond leading to different volume of atomic realms. As shown in table 7, the distances between the O and the bcp become larger with greater electronegativity, e.g. the distances are 1.3211 a.u. and 1.7108a.u.in the PAEMQCT and QTAIM for the HOCH 3 , while 1.3662 a.u. and 1.3150 a.u. for the HOF. Table 8 contains the atomic charges with 8 population methods, which offers the values of atomic charges for those of HO-X molecules. As it can be seen, the values of PAEMQCT atomic charges are smaller in magnitude than those of the QTAIM, but larger than those of the Hirshfeld if the atom in electronegativity is less than the O, e.g. the values of B atomic charges are 0.489e, 2.126e and 0.236e in the PAEMQCT, QTAIM and Hirshfeld for the BH 2 OH. And there is a good linear correlation between the D pb and the electron density at the bcp, whose linear equation is y = 0.2263x − 0.1847, correlation efficient R is 0.8856 as shown in figure S4 . Thus, the D pb of PAE-MQCT can provide information about the strength of chemical bond as electron density of the QTAIM does.
Molecules containing Be atom
A special molecule of this series is BeH 2 , BeB 2 , BeF 2 , Be 2 C and Be(OH) 2 and molecular graph of BeF 2 from PAEMAIM is shown on the left,while QTAIM is shown on the right, in figure 7. Figure 7(a) shows some of the iso-PAEM curves and the bcp with red stars, thus the green curves being the boundary curves between the atomic realms. Figure 7(b) shows its partition picture with the QTAIM theory by using the analysis of the electron density, but the boundary curves are not similar to figure 7(a), whose curves are more curved. Table 9 lists some important quantities related to the Be-X bond in the molecules containing B atom. They are the bond length (BL), the distance D(Be-bcp) between the Be nucleus and the PAEM bcp on the Be-X bond path, the minus PAEM value, D pb , at the bcp. For a comparison, some quantities from QTAIM calculation are also listed in table 9, the distance between the Be nucleus and the critical point, and the electron density at the critical point ED(r cp ). Table 5 . Some quantities related to the N-X bond in the NH 2 X series molecules: the bond length (BL), the distance D(B-bcp) between the B nucleus and bcp for PAEM or QTAIM, the D pb , and ED(r cp ) at the bcp from the QTAIM (all in atomic units, a.u. The atomic charges in the molecules of BeX type are listed in table 10 that are calculated by PAEMQCT method, compared with the atomic charges calculated by QTAIM, Hirshfeld, Mulliken, NPA, APT, CHELPG and MK methods. It is shown that the QTAIM atomic charges are usually large in magnitude and the Hirshfeld's are small, while the PAEM atomic charges are moderate.
The ultimate question is that whether it is possible to put all the D pb and electron density at the bcp together will be a linear correlation or not? The result has been listed in figure 8 , it is found that the linear equation is y = 0.1949x − 0.0980 and correlation coefficient R is 0.9165, which is as good as the results mentioned above with a series of molecules alone. It should be noted that BeF 2 and Be(OH) 2 are not contained in figure 8 , because the two molecules possess strong ionic characteristic and can not be classified to those of covalent or weak ionic characteristics. This result confirms and determines that our D pb based on the PAEMQCT could measure the strength of the chemical bond as electron density at the bcp in the QTAIM.
Moreover, we also study the correlation coefficient R of atomic charges between two population methods, as listed in table 11. Notably, the APT atomic charges for Be in the Be 2 C molecule are not contained, because the Be atomic charges are negative value, which is extremely abnormal to the chemical intuition. It has been found that PAEMQCT atomic charges possess strong correlation with APT population method. It could be the reason that APT atomic charges are derived from the atomic polar tensors [33] , thus there is a strong relation between dipole moment and APT atomic charges. PAEMQCT atomic charges of the molecules have also good relationship with Electron. Struct. 1 (2019) 044004 their dipole moments, particularly for diatomics. Therefore, our atomic charges have a better correlation with the APT atomic charges.
Conclusion
Based on the potential acting on one electron in a molecule, we systematically investigated five series of polyatomic molecules containing the first and second period elements as a continuation of our study of the QCT based on the PAEM. With the analysis of the electronic force lines of the FAME, we partitioned real molecular space into non-overlapping atomic realms and then obtained the atomic charges by integrating the electron density over the electronic coordinates belonging to the individual atomic realms. We performed several calculations on the polyatomic molecules using the PAEMQCT and compared the results with those of the QTAIM. The PAEMQCT atomic charge values are moderate, and they are smaller than those from the QTAIM and larger than those from the Hirshfeld analysis. In the PAEMQCT, the D pb can be utilized to characterize the strength of the chemical bond, while in the QTAIM, the electron density at the bcp is related to the bond strength. There is a good linear correlation between the D pb at the bond critical point in the PAEMQCT and the electron density at the bcp in the QTAIM, and the correlation coefficient R is 0.9165. The results obtained may be useful for further studies and applications.
ORCID iDs
Dong-Xia Zhao https://orcid.org/0000-0002-3635-0606 Electron. Struct. 1 (2019) 044004
